Microwave surface resistance in superconductors with grain boundaries 
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Microwave-field distribution, dissipation, and surface impedance are theoretically investigated for 
superconductors with laminar grain boundaries (GBs). In the present theory we adopt the two-fluid 
model for intragrain transport current in the grains, and the Josephson-junction model for intergrain 
tunneling current across GBs. Results show that the surface resistance Rs nonmonotonically depends 
on the critical current density Jcj at GB junctions, and Rs for superconductors with GBs can be 
smaller than the surface resistance Rso for ideal homogeneous superconductors without GBs. 
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I. INTRODUCTION 

High-temperature superconductors contain many grain 
boundaries (GBs), where the order parameter is locally 
suppressed due to the short coherence length^ GBs 
have attracted much interest for their basic physics as 
well as for their applications in superconductorS(2i2i4 
and play a crucial role in microwave response and sur- 
face resistance Rs of high-temperature superconducting 
films .^'fi'L&miL^m 

Electrodynamics of GB junctions can be described us- 
ing the Josephson-junction model, and one of the most 
important parameters that characterize GB junctions is 
the critical current density Jcj for Josephson tunneling 
current across GBsii^ii^*i& The Jcj strongly depends on 
the misorientation angle of GBsi^ii^ In YBa2Cu307_5 
films, Jcj can be enhancedi^ and Rg reducedM by Ca 
doping. The investigation of the relationship between Rg 
and Jcj is needed to understand the behavior of Rg and 
Jcj in Ca doped YBa2Cu307_5 films. The Jcj depen- 
dence of Rs, however, has not yet been clarified, and it 
is not trivial whether GBs enhance the microwave dissi- 
pation that is proportional to Rs- 

In this paper, we present theoretical investigation on 
the microwave field and dissipation in superconductors 
with laminar GBs. Theoretical expressions of the surface 
impedance Zs — Rs — iXg of superconductors with GBs 
are derived as functions of Jcj at GB junctions. 

II. BASIC EQUATIONS 

A. Superconductors with grain boundaries 

We consider penetration of a microwave field (i.e., mag- 
netic induction B — fJ-oH, electric field E, and cur- 
rent density J) into superconductors that occupy a semi- 
infinite area of a; > 0. We investigate linear response for 
small microwave power limit, such that the time depen- 
dence of the microwave field is expressed by the harmonic 
factor, e~*"*, where u!/2tt is the microwave frequency 
that is much smaller than the energy-gap frequency of 



the superconductors. Magnetic induction B is assumed 
to be less than the lower critical field, such that no vor- 
tices are present in the superconductors. (See Ref . f20l for 
microwave response of vortices.) 

The GBs are modelled to have laminar structures as 
in Ref. 21;, the laminar GBs that are parallel to the 
xz plane are situated at y = ma, where a is the spac- 
ing between grains (i.e., effective grain size) and m = 
0, ±1, ±2, ■ • ■ , ±oo. The thickness of the barrier of GB 
junctions, dj, is much smaller than both a and the Lon- 
don penetration depth A, and therefore, we investigate 
the thin-barrier limit of dj —>■ 0, namely, GB barriers 
situated at ma — < y < ma + 0. 

B. Two- fluid model for intragrain current 

We adopt the standard two-fiuid modeli^*i& for current 
transport in the grain at ma + < y < (m + l)a — 0. 
The intragrain current J — Js + J„ is given by the sum 
of the supercurrent Js = iUgE and the normal current 
Jn = cfnE, where Os — 1/w/ioA^ and cr„ is the normal- 
fiuid conductivity in the grains. The displacement cur- 
rent Jd = —iweE with the dielectric constant e can be ne- 
glected for a microwave range oiuj/2'K ~ GHz. Ampere's 
law X B ^ (an + ius)E is thus reduced to 

E = -icjA^V X B, (1) 

where Kg is the intragrain ac field penetration depth de- 
fined by 

Ag ^ = ujnaicTs - ian) = A"^ - iujfioCTn- (2) 

Combining Eq. with Faraday's law, V x E = iojB, 
we obtain the London equation for magnetic induction 
B = Bz{x,y)z for y ^ ma as 

- KlV^B, = 0. (3) 

For ideal homogeneous superconductors without GBs, 
Eq. |j3Jl is valid for — cxo < y < +oo and the so- 
lution is simply given by Bz{x) — /^o-ffoe"^^^" , and 
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the electric field is obtained from Eq. Q as Ey{x) = 
—iuj ^oh-gHoe~^ / . The surface impedance Zsq — Rso — 
iXso for homogeneous superconductors is given by Z^o = 
Ey{x = 0)/Ho = — icj/ioAg. The surface resistance 
Rso = Re(Zso) and reactance X^q = —lm{Zso) of ideal 
homogeneous superconductors without GBs are given 



RsO = ^lluj^X^(Tn/2, 



(4) 
(5) 



for CTn/cTs 1 well below the superconducting transition 
temperature Tc. 



C. Josephson-junction model for intergrain current 

We adopt the Josephson-junction modeli^4i^*i& for tun- 
neling current across GBs at y = ma. Behavior of the 
GB junctions is determined by the gauge-invariant phase 
difference across GBs, (pj{x), and the voltage induced 
across GB, Vj{x), is given by the Josephson's relation. 



ma+O 



Eydy = Vj 



ma — O 



27r 



(6) 



where 0o is the flux quantum. The tunneling current 
parallel to the y axis is given by the sum of the su- 
perconducting tunneling current (i.e., Josephson current) 
Jsj — JcjSimpj and the normal tunneling current (i.e., 
quasiparticle tunneling current) Jnj = ^njVj. The crit- 
ical current density J^j at GB junctions is one of the 
most important parameters in the present paper, and the 
resistance-area product of GB junctions corresponds to 
^llnj- We neglect the displacement current across GBs, 
Jdj = —iwCjVj where Cj is the capacitance of the GB 
junctions. 

Here we define the Josephson length Aj and the char- 
acteristic current density Jq as 



Aj = (0o/47r^o^ciA)^/^ 
Jq = 0o/47r^oA^. 



(7) 
(8) 



The ratio Jcj/Ja = (A/Aj)^ characterizes the coupling 
strength of GB junctionsn^^ For weakly coupled GBs, 
namely, Jcj/Jo = (A/Aj)^ ^ 1 (e.g., high-angle GBs), 
electrodynamics of the GB junctions can be well de- 
scribed by the weak-link modelji^ti^ii^ For strongly cou- 
pled GBs, namely, Jcj/Jo = (A/Aj)^ > 1 (e.g., low-angle 
GBs), the Josephson-junction model is still valid but re- 
quires appropriate boundary condition at GBs, as given 
in EcL_[4) in Ref.|22, as pointed out by Gurevich; see also 
Refs.lSlandlll 

In the small-microwave-power limit such that sin ipj ~ 
(fij — 2'KVj / {—iuj(j>Q) for \(pj\ -C 1, the Jcj is reduced to 



Js 



(9) 



where = 2TrJcj /uj4'o = I/Zw/xqAAj . The total tun- 
neling current across GB is thus given by 



1 dB, 



liQ dx 



Jsj ^ J'n 



(t-fsj+juM- (10) 



y—ma 



Integration of Faraday's law, dEy/dx — dE^/dy ~ iujBz, 
yields 



Ex{x, y — ma + 0) — Ex{x, y = ma — 0) 



ma+O 



dy 



ma — O 



dEy{x,y) 
dx 



iujB^{x,y) 



dx 



(11) 



where we used Eq. ©. The static version (i.e., a; ^ 0) of 
Eq. ((TT|l corresponds to Eq. (4) in Ref. 22. Substitution 
of Eqs. CQ) and ((Tn|l into Eq. ifTTjl yields the boundary 

condition for B^ Sit y = ma, 



dB, 



dy 



dB, 



y— ma+O 



dy 



ak] d^B, 



y—ma—0 



A2 dx^ 



y—ma 



(12) 

where Aj is the characteristic length for ac field penetra- 
tion into GBs defined by 

Aj^ = uJHoa{-fs] - ij7i]) 

= /ioa (27rJcj7(?!>o - »w7„j) . (13) 

III. SURFACE IMPEDANCE 
A. Microwave field and surface impedance 

Equations (|3J) and (|12|l are combined into a single equa- 
tion for x > and — oo < y < +oo as 



+ 00 



B, - A^V^B, - aAj 



m— — oo 



d^ 

dx"^ 



6{y — ma), (14) 



whose solution is calculated as 



B,{x.,y) 



dk 



cosh[K(y ~ a/2)] 



TT Jo A^K^smh{Ka/2) 
k sin kx 



(2KAyaA]) + fc2 coth(Xa/2) 



(15) 



for < y < a, where K = (fc^ -|- A^ 2)i/2^ xhe right-hand 
side of Eq. (|14|l and the second term of the right-hand 
side of Eq. H15(l reflect the GB effects. See Appendix A 
for the derivation of Eq. ifTCjl from Eq. 

Electric field in the grains is obtained from Eq. Q as 
Ey = iojAgdBz/dx, and voltage induced across GB is 
obtained from Eq. ifTUI) as Vj — iujaA^dBz/dx\^_^. The 

mean electric field Es at the surface of the superconduc- 
tor is thus calculated as 



E, 



1 



a-O 



dyEy{x = 0,y) 
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a-O 



+0 



A2 ^ 
dx 



x—y—O 



A 2 

+0 



dy 



dx 



(16) 



Substitution of Eq. 1)15(1 into Eq. 1(16(1 yields the surface 
impedance — Rs — iXg = Eg/ Hq as 



, 2 f"" „ 1 
. = 1 + - / dfc-r^TT^ 

1 



(i^A2/A2) + (fc2a/2) coth(i^a/2) ' 



(17) 



The surface resistance and reactance are given by Rg 
Re{Zs) and Xg = — Im(Zs), respectively. 



B. Microwave dissipation and surface resistance 



jsj oc Jcj. The dissipation in the grains, (T„|£^P/2, and 
the intragrain contribution to the surface resistance, Rsg, 
therefore, tend to increase with increasing Jcj- The dis- 
sipation at GBs, 7„j|yjp/2, and the intergrain contribu- 
tion to the surface resistance, R^j, on the other hand, 
decrease with increasing Jcj . 

The surface reactance Xg = —lm{Zs) is also divided 
into two contributions. 



Xg — Xgg + Xgj, 



(23) 



where the intragrain contribution Xgg and the intergrain 
contribution Xgj are given by 



Xgn — 



Xgj — 



1 



m Jo 



dx I dy {(jg\Ef + —\B, 
V A^o 



dx-fsj\Vj\ 



(24) 
(25) 



The time-averaged electromagnetic energy passing 
through the surface of a superconductor at a; = and 
— < y < a — is given by the real part of 

r " dy{EyB:),=o = psH*, (18) 
2^0 J-o ^ 

where Eg = ZgHo is defined by Eq. lfTB|l . and {Bz)x=q = 
fioHo- Poynting's theorem^i states that £ is identical to 
the energy stored and dissipated in the superconductor. 



£ 



1 



dx 



dy (cr„ 



+0 



2 JO 



icrg)\E\' 



ILO , 



a-0 

' ' dy—\B, 
A^o 



(19) 



The real parts of Eqs. ((18(1 and 1(19(1 show that the surface 
resistance Rg = Ke{Eg/Ho) — Ke{Zg) is composed of two 
terms: 



Rg — R 



R 



'S3- 



(20) 



The intragrain contribution Rgg is from the energy dissi- 
pation in the grains, and the intergrain contribution Rgj 
is from the dissipation at GBs: 



Rs 



1 



aLffo 



dx 



dy<Jr,\E\\ (21) 



(22) 



Both the intragrain current \Jg\ around GBs and the 
intergrain tunneling current \Jj\ across GBs are sup- 
pressed by the GBs, and are increasing functions of 
Jcj- With increasing Jcj, the intragrain electric field 
\E\ = \ Jg/{an + i(ys)\ also increases, whereas the inter- 
grain voltage \Vj\ — \Jj/{jnj + *7sj)| decreases because 



Both Xgg and Xgj decrease with increasing J, 



C. Simplified expressions for surface impedance 

The following Eqs. I(26() ~ ((34(l show simplified expres- 
sions of the surface impedance Zg, the surface resistance 
Rg — Ke{Zg), and the surface reactance Xg = —lm{Zg) 
for certain restricted cases, assuming On/cfs ^ 1 and 
Inj/lsj *C 1 well below the transition temperature. 

For small grains of a <C A such that coth(i4ra/2) ~ 
2/Ka, Eq. lO is reduced to 



Zg 



-iujuo (A^ + A^) 



,1/2 



(26) 



The right-hand side of Eq. lfn|) is reduced to A'^d'^B^/dx'^ 
for a ^ A, and the effective ac penetration depth is given 
by Acff = (A^ + A2)i/2 as in Ref. '21', resulting in the 
surface impedance given by Eq. 1(26(1 . The Rg and Xg for 
small grains is obtained as 



Rso 

Xg 
Xgo 



1 + 

a Jcj 



-1/2 



-1/2 



4:X^lnj ( Jl 

J. 



aUn 



, (27) 
(28) 



where Rgo, Xg^, and Jq are defined by Eqs. |0J, Q 
and ((21), respectively. Equation ((271) is decomposed 
into the intragrain Rgg and intergrain Rgj contribu- 
tions, as Rgg/RgQ ~ {1 + 2XJo/aJcj)^^^'^ and Rgj /Rgg ~ 
{-iX^^nj / aan ){Jo/JcjY, respectively. 

Equation 1(26(1 is further simplified when a <^ 2Xj/X 
for small grain and weakly coupled GBs as 



-icj/ioAj 



(29) 
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and we have 



Rs 

















1/2 



Jo 



3/2 



1/2 



Jo 



1/2 



(30) 
(31) 



Thus, we obtain the dependence of Rs and Xs on the 
material parameters as Rs oc JnjCi~^^'^ Jf-j^^"^ and oc 

a~^/^ J^j^^^, which are independent of A. The Rs given 
by Eq. H30() for the small grain and weakly coupled GBs 
is mostly caused by intergrain dissipation, Rs ~ Rsj S> 
Rsg- For Xs given by Eq. H31I) . on the other hand, both 
intragrain Xsg and intergrain Xsj contribute to the total 

Xg = Xsg + Xsj. 

For large Jcj (i.e., strong-coupling limit) such that 
KAl/A^j > (fc2a/2)coth(A'a/2), Eq. JlZIl for the surface 
impedance Zs is simplified as 



-iw/io (Ag + A2/2A3) , 



and we have 

Rs 
Rso 

Xs 
XsO 



1 — 



A Jo 'iX'^-fnj ( Jo 



1+ - 



a Jcj 
A Jo 



Jc 



a Jc 



(32) 

(33) 
(34) 



The first and second terms of the right-hand side of 
Eq. H33|l correspond to the intragrain contribution, Rsg, 
whereas the third term corresponds to the intergrain con- 
tribution, Rsj. 



IV. DISCUSSION 



Figure ^a) and (b) shows Jcj dependence of Rs . As 
shown in Fig. Q^a), the intergrain contribution Rsj is 
dominant for weakly coupled GBs (i.e., small Jcj/ Jo 
regime) , whereas the intragrain contribution Rsg is dom- 
inant for strongly coupled GBs (i.e., large Jcj/ Jo). The 
Rsj decreases with increasing Jcj as Rsj ^ Jcj v 



see 




S9 



es with Jcj. The result- 



FIG. 1: Dependence of surface resistance Rs — Re(^s) and 
surface reactance Xs = —lm{Zs) [i.e., Eq. 1171 with Eqs. Q 
and 11311 1 on critical current density Jcj at GB junctions. Rs 
is normalized to the surface resistance without GB, i.e., Rso 
given by Eq. Q, Xs is normalized to Xso given by Eq. JSJ, 
and Jcj is normalized to Jo defined as Eq. (|SJ . Parameters are 
uj/2n = lOGHz, A = 0.2 Atm, cr„ = 10^n"^m~\ and j^j = 
10^^ r2"^m"^, which yield Rso = 0.25 m^, Xso = 16mf7, and 
Jo = 1.6 X 10^''A/m'^. (a) Total surface resistance Rs = 



intragrain contribution Rsg given by Eq. 1211 for a/A = 0.1. 
(b) Rs and (c) Xs for a/A = 0.1, 1, and 5. 



Eq. |(2n|)], whereas R 

ing surface resistance Rs = Rsj + Rsg nonmonotonically 
depends on Jcj and has a minimum, because Rs is de- 
termined by the competition between Rsj and Rsg. As Rsj + Rsg, intergrain contribution Rsj given by Eq. and 
shown in Fig.^c), on the other hand, Xs monotonically 
decreases with increasing Jcj [i.e., Xs oc J///^'^ for weakly 
coupled GBs as in Eq. l(2IJ]- 

The nonmonotonic dependence of Rs on the grain size 
a is also seen in Fig. QJb). For small Jcj/ Jo the Rs de- 
creases with increasing a as i?s oc a~°'^ [see Eq. (|5n|) ]. 
whereas Rs increases with a for large Jcj / Jo ■ 

The Rs for strongly coupled GBs can be smaller 
than Rso for ideal homogeneous superconductors without 
GBs, namely, Rs/Rso < 1 for Jcj/ Jo ^ 1- The minimum 
surface resistance for X^nj/^n = 0.2 is Rs/Rso ~ 0.97 for 



a/A = 5, Rs/RsO ~ 0.86 for a/A = 1, and Rs/RsO ~ 0.59 
for a/ A = 0.1. The minimum Rs/Rso is further reduced 
when \'~inj/o'n is further reduced. 

Theoretical results shown above may possibly be ob- 
served by measuring Rs, Xg, and Jcj in Ca doped 
YBa2Cu307_5 films. The enhancement of Jcj (Ref. 



peg 

- „ . ^ _ _ 

and reduction of Rg (Ref. Il3|) by Ca doping are Individ- 
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ually observed in YBa2Cu307_5, but simultaneous mea- Bz{x, ma) = Bz{x, 0) as 
surements of Jcj and Rg are needed to investigate the 



relationship between Rg and Jcj ■ The nonmonotonic Jcj 
dependence of Rg for strongly coupled GBs may be ob- 
served in high quality films with small grains a < X and 



with large Jcj 
temperatures. 



on the order of Jq 10 A/m at low 



CONCLUSION 



We have theoretically investigated the microwave-field 
distribution in superconductors with laminar GBs. The 
field calculation is based on the two-fluid model for 
current transport in the grains and on the Josephson- 
junction model for tunneling current across GBs. Results 
show that the microwave dissipation at GBs is dominant 
for weakly coupled GBs of Jcj Jq, whereas dissipa- 
tion in the grains is dominant for strongly coupled GBs 
of Jcj S> Jo- The surface resistance Rg nonmonotoni- 
cally depends on Jcj] the Rg decreases with increasing 
Jcj as Rg oc Jcj^'^ for Jcj <^ Jo, whereas Rg increases 
with Jcj for Jcj 3> Jq. The intragrain dissipation can be 
suppressed by GBs, and the surface resistance of super- 
conductors with GBs can be smaller than that of ideal 
homogeneous superconductors without GBs. 
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APPENDIX A 

Equation (|15l) is derived by solving Eq. H14I) with the 
boundary condition of ~ IJ-qHq ai x = 0, as follows. 
We introduce the Fourier transform of Bz{x,y) and 



b{k,q) = 
bo{k) = 



Kj r-\-oo 

dx I 

v/-oo 



dyBz{x,y)e-"iysixvkx, (Al) 



dx Bz{x,Q)s\TLkx = I —b{k,q), 



dq ~ 



27r 



(A2) 



respectively. The Fourier transform of Eq. 114|) leads to 



h{k,q) 



^ khjk) 
f^oHo 



(A3) 



X2 + g2 

where K = (fc^ -|- A"^)!/^ and a = aKf/k^g. Substituting 
Eq. I|A3(I into Eq. (|A^ . we have 



6o(fc) k 
— ET = 172 + 



which is reduced to 



kbojk) 



E 



+ CXD 



dq e 



imqa 



bo{k) 



1 



1 



27r K^+q^' 
(A4) 



(A5) 



fioHo k kKAl2K + ak^coth{Ka/2)' 
Bz(x, y) is calculated from b(k, q) given by Eq. I|A3|I as 

-e""^ sin kx 

kboik) 



B.{x,y) ^ 2 

TT 



/ + 00 
— 
oo 27r fioHo 



dq b{k,q)^^gy^ 



= 2:/Ag _j_ ^ / dfc fc sin kx 



E 



+ 00 



2tt 



(A6) 



Substitution of Eq. IjASp into Eq. (|X6|) yields Eq. fl^ . 
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